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Rapid thermal annealing effect on amorphous hydrocarbon film
deposited by CH,/Ar dielectric barrier discharge plasma
on Si wafer: Surface morphology and chemical evaluation
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The effects of rapid thermal annealing (RTA) on amorphous hydrogenated carbon-coated film on Si
wafer, deposited by CH,/Ar dielectric barrier discharge plasma (at half of the atmospheric
pressure), was examined. Bubbles-like structures were formed on the surface of the deposited
carbon-coated film. The surface morphology studied by scanning electron microscopy (SEM),
which showed that the effect of RTA on the film changing the morphological property drastically at
600 °C and most of the bubbles started evaporating above 200 °C. The inbuilt energy dispersive
x-ray in SEM gives the quantitative analysis of the annealed surface. X-ray photoelectron
spectroscopy results of the as-deposited films agree with the IR results in that the percent of
Si—CHj;, Si—O-Si and C-O(H) stretching vibrational band in the film. Most of these bands
disappeared as the sample was annealed at 600 °C in Ar medium. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3116734]

I. INTRODUCTION

There are great interests in hydrogenated silicon carbide
composite materials (SiCO:H, SiC:H, SiC, C-SiOH, etc.)
due to its potential application in electronics, optical devices,
and antireflective coating for solar cells." Moreover, silicon
carbide composite materials are widely applicable as valid
alternative to silicon (Si) for microelectromechanical sys-
tems (MEMS) operating in harsh environments due to its
superior mechanical, physical, and chemical properties.%4
SiOC:H composites operating at high temperatures requires
knowledge of the mechanical as well as chemical properties
of the material as a function of temperature. Although silicon
based MEMS devices find such wide uses today, they lack
high temperature capabilities with respect to morphological,
chemical, mechanical, and electrical plroperties;s_7 Hydrogen
attachment at the surface of the carbon film leads to the
bubbles rings formation. In another way the bubble forma-
tion is commonly observed in oxide scales on polycrystalline
SiC but is rarely found on single-crystal scales.* "0 It is pos-
sible to fabricate integrated circuits with these composite
materials, which are operationally more robust then those in
Si."" The industrial application is much more intense on the
SiC due its wide band gap, high thermal conductivity, and
high carrier ionization coefficient.'” The SiC composite film
is usually prepared by plasma enhanced chemical vapor
deposition,13 hot wire chemical vapor deposition,14 radio fre-
quency sputtering method," dielectric barrier discharge
(DBD) p1215111a,16’17 etc.

The thin film deposition by DBD plasma has several
interesting features. It offers attractive perspectives for the
coating deposition and surface functionalization as it pro-
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vides an easily applicable system in the industrial
process.lﬁ’lg_24 The most important feature is that the plasma
reaction zone is confined on the surface of the electrode or
substrate area.” It is very interesting to see that weather it is
diffused carbon bubbles or combination of hydrocarbon
bubbles (-CO:H) or carbonate bubbles (-CO5 groups). Heat
treatment is effective for the evaporation of the hydrogen/
oxygen atoms from the surface of the deposited hydrocarbon
film.

In the present work, amorphous hydrogenated carbon
film on Si wafer has been deposited by DBD plasma and the
film surface has been treated by rapid thermal annealing
(RTA) effect to observe the change in the surface morphol-
ogy and chemical bond properties. Surface morphologies
were studied alone with scanning electron microscopy
(SEM) along with energy dispersive x-ray (EDX) analysis at
room temperature as well as 200 and 600 °C, where as Fou-
rier transform infrared (FTIR) absorption and x-ray photo-
electron spectroscopy (XPS) analysis have been done at
room temperature and at 600 °C for the chemical properties
of the deposited composites.

Il. EXPERIMENT

The hydrocarbon film was deposited on a 6 mm diameter
p-type Si (100) substrate as well as the dielectric electrodes
(upper electrode is Al,O3 and ground electrode is glass) by
CH,/Ar DBD plasma. The Si wafer used as a dummy sub-
strate is located on the glass electrode. The experiment was
performed at a pressure of 300 mbar and with a CH,/Ar
mixture ratio at 2:1. The characteristics of the hydrocarbon
films deposited by varying CH,/Ar gas mixture ratio, pres-
sure, frequency, and time have been mentioned in our previ-
ous work.'® The experimental setup has been explained in
detail elsewhere.”” The average power executed on the sub-

© 2009 American Institute of Physics

Downloaded 11 May 2009 to 141.53.32.25. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3116734
http://dx.doi.org/10.1063/1.3116734
http://dx.doi.org/10.1063/1.3116734
http://dx.doi.org/10.1063/1.3116734

094909-2 Majumdar, Bhattacharayya, and Hippler

strate during the deposition is about 4 W, where the peak to
peak voltage was 10.5 kV at 4 kHz. The gap between two
electrodes is variable according to the experimental require-
ment. The upper electrode is connected to a home-built high
voltage power supply, while the lower electrode is grounded.
The chamber is pumped by a membrane pump down to a
base pressure of about 1 mbar. Pressure inside the plasma
chamber was controlled by two gas flow controllers (for
methane and argon) by an adjustable needle valve between
the chamber and the membrane pump. The deposition time
was typically about 6 h.

One of the deposited samples was heat treated by RTA
(model: Jetfirst 100, Jipelec, Qualiflow, France) at tempera-
tures of 200 °C and then at 600 °C for 3 min each in argon
environment. The accuracy of temperature measurement was
*2 °C. In every case of RTA the typical ramp-up and ramp-
down temperature was ~25 °C/s.

The deposited as well as annealed (at 200 and 600 °C)
films were examined by a scanning electron microscope with
EDX analysis (model: Quanta 200 F). The SEM was oper-
ated at the energy of 10 keV and the typical magnifications
were from 1500X to 8000X with a tilt angle of nearly 0°.
EDX analysis was carried out mainly in spot mode with the
typical time duration of 100 s. Apart from EDX, elemental
analysis was also done after selecting a region from the
mapping.

XPS measurements of the deposited film was performed
on a VG Microtech (CLAM2: multitechnique 100 mm hemi-
spherical electron analyzer) x-ray photoelectron spectro-
scope, using Mg K radiation (photon energy 1253 eV) as
the excitation source and the binding energy (BE) of Au
(Au 4f5,:84.00 eV) as the reference. The XPS spectra
were collected in a constant analyzer energy mode at a cham-
ber pressure of 107® mbar and pass energy of 23.5 eV at
0.125 eV/step.

FTIR measurement was carried out by Perkin Elmer,
Spectrum one in transmission mode at room temperature in
the spectral range between 4000 and 400 cm™!. All the FTIR
spectra were recorded with a resolution of 2 ¢cm™' using a Si
wafer as a reference. The number of scans for each spectrum
was automatically chosen and averaged in order to ensure an
optimal signal-to-noise ratio. A linear baseline has been sys-
tematically subtracted from all the FTIR spectra in order to
make the comparison among them more significant.

lll. RESULTS AND DISCUSSION

A. Scanning electron microscopy and energy
dispersive x-ray

From SEM analysis, the bubbles structure on the surface
of the deposited amorphous silicon-carbon film has been
observed."” Figure 1(a) shows the SEM image of as-
deposited film on the Si substrate in DBD plasma for about 6
h. Figures 1(b) and 1(c) show the SEM images of annealed
film at 200 and 600 °C, respectively. The typical SEM im-
age shown in Fig. 2(a) was taken from the central region of
the deposited film. The morphology developed in the sample
is nearly the same all over the sample. The sample is popu-
lated with circular carbon rich features of differential sizes.
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FIG. 1. (Color online) SEM images of SiCO:H film where (a) is the as
deposited film, (b) is the annealed at 200 °C, and (c) is the annealed at
600 °C.

The sizes (diameters) of these circular spots vary from 250
nm to 3 um. Figure 3 shows the morphology of the an-
nealed sample. The morphology shows that the changes are
not appreciable as compared to the as-deposited one. Similar
to the as-deposited sample, the circular spots (bubbles) also
appeared in this annealed sample [Figs. 1(b), 2(a), and 3(a)].
The histogram of these spots are shown in Fig. 4, where the
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FIG. 2. (Color online) (a) SEM image of the as deposited sample (on the spot and outside the spot are denoted by arrows). (b) Corresponding EDX spectra.
(c) Mapping image (selected rectangular area is analyzed). (d) Elemental analysis of the as-deposited SiCO:H film.

bubbles size of annealed film is partially shifted toward the
larger size comparatively to the bubbles size of as-deposited
film. In order to know the composition of the circular fea-
ture, along with the SEM, the EDX spectra were taken. Fig-
ures 2(b), 3(b), and 4 represent the EDX spectra from the
sample as-deposited, 200 and 600 °C annealed samples, re-
spectively. The lines are O K,, C K,, and Si K, obtained
from the EDX spectra taken in spot mode from the circular
spots. From the EDX spectra, we can get the quantitative
information about the stoichiometry of the sample on the
spots. Figures 2(b) and 3(b) depict the EDX spectra taken
from a circular feature in the spot mode. EDX spectra show
that these spots are stoichiometrically carbon rich as com-
pared to the EDX spectra from a region outside circular
spots. The as-deposited SiC film was treated with RTA (for 3
min in Ar atmosphere) at 200 °C. However, the number den-
sity is increased here and many smaller spots are obtained.
Annealing at a relatively higher temperature of 600 °C
shows the morphology presented in Fig. 1(c). Remarkably
this image shows almost a smooth surface, except a few
ringlike features. It seems at this temperature, the circular
spots are removed due to decomposition and evaporation of
hydrocarbon from the sample surface. Table I gives the quan-

titative information of O, C, and Si for the sample of as
deposited at 200 and 600 °C annealing. The information, as
shown in Table I, clearly shows that the as-deposited and
200 °C annealed are carbon rich regions. Due to annealing,
these carbon rich regions are depleted and the Si peak is
increased. To simplify the EDX results quantification has
been done and is shown in Table 1.

The quantification of the elements in the films are as
follows:

(a)  As deposited: From the EDX spectra (Figs. 2 and 3) we
got the information about the elemental quantification
and we got the following atomic percentage. C
(K.)-90.56 at. %, O (K,)-2.21 at. %, and Si
(K,)-7.22 at. %; this elemental quantification shows
that the film is populated by diffused carbon out of the
hydrocarbon constituents.

(b) Annealed at 200 °C: C 92.39 at. %, O 2.87 at. %,
and Si 4.74 at. % (from Table I). The EDX spectra
(Figs. 3 and 5) show that in the as-deposited sample the
carbon peak is dominated over silicon in accordance
with the thick hydrocarbon layer formed on the Si sub-
strate. As the annealing temperature is increased up to
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FIG. 3. (Color online) (a) SEM image of the SiCO:H film annealed at 200 °C. (b) Corresponding EDX spectra (on the spot and outside the spot are denoted
by arrows). (c) Mapping image and (d) elemental analysis of the annealed SiCO:H film.

200 °C, carbon is diffused to form an agglomerated
island of hydrocarbon due to surface activation energy.
The EDX spectra on the selected carbon populated spot
gives higher carbon intensity as compared to the as-
deposited sample. As the annealing temperature is
raised to 600 °C, most of the hydrocarbon bubbles are
removed and the EDX spectra at this stage show a
silicon dominated surface (Fig. 5).
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FIG. 4. (Color online) Histogram of the diameters of bubbles in SiCO:H
film of as-deposited (black) and of annealed at 200 °C (red).
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B. X-ray photoelectron spectroscopy

Chemical bonds among carbon, silicon, and oxygen can
be deduced from a deconvolution of individual Si 2p, C l1s,
and O 1s lines into Gaussian line shapes.16’l7’26728 In order to
minimize the interference between the peaks during decon-
volution, all spectra have been fitted with equal line widths
(full width at half maximum, FWHM) of the concerned in-
dividual peak, thereby reducing the number of free param-
eters and yielding a more stable result. All fittings were ob-
tained by constraining the FWHM to be equal to 1.90 eV. We
considered that the surface spectrum was influenced by ad-
sorbed molecules (e.g., oxygen, hydrogen). A noticeable

TABLE I. The quantitative information of O, C, and Si for the sample of
as-deposited, annealed at 200 °C and 600 °C, and obtained from EDX
spectra.

C K, 0K, Si K,
Sample (at. %) (at. %) (at. %)
As deposited 90.56 2.21 7.22
Annealed 200 °C 92.39 2.87 4.74
Annealed 600 °C 36.38 1.73 61.87
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FIG. 5. EDX spectra of the SiCO:H film (a) from the as-deposited sample,
(b) sample annealed at 200 and (c) at 600 °C.

chemical shift has been observed in the investigation of Si
2p, C s, and O 1s spectra due to an anomalous behavior of
the surface charge distribution of the silicon substrate cov-
ered by carbon film. Si 2p with BE=99.50 eV was taken as
reference. A chemical shift of 5.0*=0.5 eV was noted. The
results presented below have been corrected for all the spec-
tra by subtracting the experimentally observed shift. '
From Fig. 6(a), we can see that the typical Si 2p spectra
of the as-deposited film exhibit three subpeaks at 99.49,
100.24, and 103.49 eV, which are assigned to SiC, C-Si-O,
and Si—O, bonds, respectively.16 Similarly in the case of the
annealed sample (at 600 °C), the peak intensity becomes
higher than the previous and most of the peaks become flat-
tened due to the partial chemical shift. The annealed sample
exhibits three subpeaks at 97.7, 102.00, and 104.26 eV,
which are assigned to SiC, C-Si-O, and Si—O, bonds, re-
spectively, obtained from Fig. 6(b).'"*!” Due to annealing at
600 °C, the chemical properties of the film surface change,
which could enhance the chemical shift (corresponding to
the Si 2p BE). Moreover, the presence of hydrogen in the
deposited film causes the drastic chemical shift; since the
molecular bonds are generally and not purely covalent but
also partially ionic. In our recent study it has been obtained
by solid state nuclear magnetic resonance (NMR) analysis
that there are large numbers of protons (H or H*) present in
the deposited amorphous carbon nitride film.” Typical C 1s
spectra are displayed in Figs. 7(a) and 7(b), in the case of
as-deposited and annealed films, respectively. In the case of
the as-deposited film, the C 1s spectrum exhibits four peaks
at 284.00, 284.85, and 286.50 eV, which have been attributed
to Si-C or Si-(CHj3),, C-C, and C-O(H) bonds,
respectively.16’26’27’30 On the other hand, in the case of the C
Ls annealed (600 °C) film, a new phase appeared at 287.45
eV, which is attributed to C—H/C-O-H bonding. The C Is
spectrum of the annealed film exhibits four peaks at 283.60,
285.54, 287.45, and 291.2 eV, which have been attributed to
C-Si, C-C/C-H, C-0O/C-O-H, and C=0O bonds,
respectively.16’26’27’3o Part of the oxygen is coming from di-
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FIG. 6. Typical Si 2p spectra of SiCO:H film, (a) as deposited film and (b)
annealed at 600 °C (CH,/Ar=2:1, f=4 kHz, and P=300 mbar).

rectly connected to Si substrate (in the form of Si-O, SiO,,
or Si0,) and the rest is coming from contamination of the air.
The hydrocarbon layer covers major part of the Si substrate.

C. Fourier transform infrared spectroscopy

The absorption spectra of the as-deposited carbon film
and RTA treatment of the same sample at 600 °C are shown
in Fig. 8. A FTIR absorption measurement for the deposited
sample was performed in the range between 500 and
4000 cm™'. The absorption spectrum shows the different
features. From Fig. 8, the vibrational spectrum of the as-
deposited samples exhibits several peaks. Peaks at 610 and
742 cm™! are related to Si—O-Si(-CH;) (or C—Si—CHjy)
Vibration,31 peaks at 890 cm™! attributed to Si—O-Si and Si—
OH, peaks at 1108 cm™! assigned to Si—-OC, peaks at 1372
and 1458 cm™' attributed to C-H, Vibraltions,32_34 peaks at
1685 cm™' related to C=C vibration or C=0 vibration,35
peaks around 2931 cm™! assigned to the CH, stretching
vibrations®®?’ and a broadband between 3200 and
3650 cm™! related to the OH vibration of silanol group and
of adsorbed water. On the other hand the most of the corre-
sponding peaks disappeared after annealing of the sample at
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FIG. 7. Typical C 1s spectra of SiCO:H film, (a) as deposited film and (b)
annealed at 600 °C (CH,/Ar=2:1, f=4 kHz, and P=300 mbar).

600 °C. The peak at 682, 1378, and 2980 cm™! were found
in the case of annealed sample. The region between 600 and
800 cm™! is a complex region,38 where different vibration
bands, Si-O-Si bending,31 Si—CHj; rocking,39 combination
of Si—C stretching and SiC—CHj rocking modes, fall.*’ In as
deposited film, the Si—O-Si band at around 1108 cm~! is
related to a cage structure with bond angle higher than 144°,
whereas the Si—O-Si band at around 890 cm™' is due to the
network structure.”® The peak at 1372 cm™! is assigned to
the formation of Si—CH,-Si bridges.”* Stapinski et al."'
mentioned that the in case of low concentration of carbon the
appearing band at 682 cm™! (in the case of 600 °C annealed
sample) is due to the SiH, wagging mode and the bands at
742 cm™!, which are assigned to Si—CHj rocking/wagging
mode or to Si—C stretching mode*"** has the tendency to
shift toward the higher wave number as the carbon concen-
tration increases in the deposited film. The region between
2890 and 3000 cm™' is due to CH, stretching modes with
sp2 and sp3 bonding.10

From Egs. (1)—(3), we can see that as the annealing tem-
perature rises the organic to inorganic transformation of si-
loxane group networks approaches via radical reactions in-
volving the cleavage of Si—-C and C-H bonds with the
consumption of Si—CHj; groups (with the formation of gas-
eous species CH,, H,, and H,O). Figure 8 shows that there is
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FIG. 8. Typical FTIR transmission spectra of deposited SiCO:H film in
mixture of CH4/Ar (2:1) where (a) is the as deposited film and (b) is the
600 °C annealed film.

a rapid change in the chemical bond structure of the film as
the temperature rose up to 600 °C (obvious in SEM images).
The observation of the FTIR spectra helps in understanding
how carbon, hydrogen, and oxygen atoms are incorporated in
the network with the formation of SiCO:H composite mate-
rials. The following reactions, which have extensively pro-
posed in the formation in the literature, seem to apply to the

present case,43’44
Annealing
=Si—-CH;+ =Si-CH; — =Si—CH,-CH,-Si
=+ HZT > (1)
Annealing
=Si-CH,-CH,-Si= +H, — =Si-CH,-Si
=+ CH4T s (2)
Annealing

=Si-O-CH;+ =Si-OH — =S8i-0-Si=

+C-H,| + H,07. (3)

From the above reactions mechanism, it is obvious that the
deposited hydrocarbon film surface is partially evaporated
and fragmentized due to RTA in the neutral gas (Ar) me-
dium. The migration of hydrogen atoms/molecules (as well
as the evaporation of water molecules from the surface and
substantial gas species, especially CH, gas) gave rise to the
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bubble formation and growth. However, the hydrocarbon
bubbles are formed due to the enhancement of the surface
mobility and the surface tension of the Si wafer during
plasma deposition. At elevated temperature the composition
of the substrate becomes more relevant and the silicon con-
tent increases up to 62%.

IV. CONCLUSIONS

The presented results reveal the bubble-like structures
formed (from SEM images, see Figs. 1-3) in the surface of
deposited hydrogenated carbon film. The quantitative infor-
mation obtained from the EDX spectra about the stoichiom-
etry of the sample of O, C, and Si supports the XPS as well
FTIR results. As the RTA temperature is increased from
room temperature to 200 °C, the hydrocarbon bubbles
started melting, however, the rate of melting is very small
and when it was annealed at 600 °C, it started melting dras-
tically and ultimately evaporating from the film surface. The
hydrocarbon layer on silicon wafer, deposited by CH,/Ar
DBD, is not suitable to operate for higher temperature than
200 °C. For the hydrogenated carbon films, the influence of
annealing process is not so straightforward and it needs fur-
ther investigation.
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